1. Introduction {#s0005}
===============

Classic infantile Pompe disease (IPD) is the most severe form of Pompe disease (OMIM [232300](232300){#ir0010}; glycogen storage disease type II, acid maltase deficiency). Without treatment, death secondary to cardiorespiratory failure typically occurs within the first 1--2 years of life [@bb0005], [@bb0010], [@bb0015]. Enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA, alglucosidase alfa, Myozyme®) has increased the lifespan for many patients with IPD [@bb0130], [@bb0025], [@bb0135]. However, the development of high sustained antibody titers to rhGAA occurs in 35--40% of patients including the majority of cross-reactive immunologic material negative (CRIM−) patients and a subset of CRIM + patients. This negatively impacts the therapeutic outcome of ERT [@bb0140], [@bb0145].

Immune tolerance induction (ITI) would be a feasible approach to improve the efficacy of ERT in these patients. Several clinical studies have demonstrated benefits of ITI using a combination of immunosuppressive drugs like rituximab, methotrexate and intravenous immunoglobulin [@bb0150], [@bb0155], [@bb0160]. Some challenges remain including the potential long-term effects of such treatment, the requirement of repeated drug administration in some instances, and the more proximal risk of infection due to immune suppression in these fragile babies. A short-term antigen-specific approach is needed to induce long-term immune tolerance to rhGAA [@bb0165].

Extensive preclinical studies in rodents and nonhuman primates demonstrated that co-administration of a short-course of non-depleting anti-CD4 monoclonal antibodies (mAbs) with a desired antigen induced long-term antigen-specific immune tolerance while the normal immune responses to other (3rd party) antigens were preserved [@bb0170], [@bb0175], [@bb0075]. In this study we sought to determine whether this strategy could induce long-term tolerance to rhGAA in a mouse model of Pompe disease.

2. Materials and methods {#s0010}
========================

2.1. Mice {#s0015}
---------

*6^neo^*/*6^neo^* GAA knockout (GAA-KO) mice used in this study were generated by Raben and colleagues [@bb0180] by targeted disruption of the *GAA* gene in 129/Sv RW4 embryonic stem cells. All institutional and national guidelines for the care and use of laboratory animals were followed.

2.2. Drugs {#s0020}
----------

Clinical grade rhGAA (alglucosidase alfa; Myozyme®) was provided by Genzyme Corporation (Cambridge, MA, USA). Non-depleting anti-CD4 mAb (YTS177) was obtained from Tolerx Inc. (Cambridge, MA, USA). Methotrexate was purchased from Calbiochem (San Diego, CA). Diphenhydramine was purchased from Baxter Healthcare Corporation (Deerfield, IL).

2.3. rhGAA injection {#s0025}
--------------------

All mice received weekly ERT with 20 mg/kg of rhGAA, the equivalent dose for treatment of human patients, via tail-vein injection starting from two months of age. For each mouse, pretreatment with 15--25 mg/kg diphenhydramine by intraperitoneal (i.p.) injection was performed 10--15 min prior to rhGAA administration to prevent anaphylactic reactions [@bb0085].

2.4. Experimental groups {#s0030}
------------------------

Initial experiments included three groups: 1) The control group were treated with intravenous (IV) sterile 0.9% saline, 2) The MTX group received IV methotrexate (10 mg/kg) at 0, 24 and 48 h following the first 3 weekly rhGAA treatments [@bb0085], and 3) The anti-CD4x3 group received 3 doses of anti-CD4 mAb (IV, 50 mg/kg) on Day − 1, + 6, and + 13 relative to the first rhGAA treatment. Each group included 10 mice and all three groups were followed for up to 28 weeks on ERT. The weekly rhGAA treatment was stopped after 28 weeks and then resumed at 40 weeks to determine whether re-challenge of rhGAA would boost anti-rhGAA antibody levels.

A second experiment was carried out to evaluate different dosing regimens of anti-CD4 mAb using two additional groups: 1) The anti-CD4x2 group (n = 10) received two doses of anti-CD4 mAb (IV, 50 mg/kg) on Day − 1 and + 6 with respect to the first dose of rhGAA, and 2) The anti-CD4x1 group (n = 10) received only one dose of anti-CD4 mAb (IV, 50 mg/kg) on Day − 1 with respect to the first dose of rhGAA. Both groups were followed for up to 22 weeks.

2.5. Anti-rhGAA antibody quantification {#s0035}
---------------------------------------

Mice were bled every two weeks one day before the rhGAA administration. Anti-rhGAA IgG antibody levels were measured by ELISA as described [@bb0185].

2.6. Statistical analyses {#s0040}
-------------------------

Data were presented as mean ± standard deviation. The significance of differences was assessed using two-tailed, equal variance student *t*-test. p \< 0.05 was considered significant.

3. Results {#s0045}
==========

The initial experiment showed that mice in the control group generated high levels of anti-rhGAA antibody that started increasing from 2 weeks, peaked at 16 weeks ((absorbance = 0.225) and then declined remaining consistently above 0.13 level after 24 weeks ([Fig. 1](#f0005){ref-type="fig"}A). Both the methotrexate (MTX group) and 3-dose anti-CD4 mAb (anti-CD4x3 group) treated groups showed significantly (p \< 0.05) decreased anti-rhGAA antibody levels after 4 weeks of rhGAA treatment when compared to the control group ([Fig. 1](#f0005){ref-type="fig"}A). The overall antibody levels for the anti-CD4x3 group remained lower than those of the MTX group throughout the 28-week treatment with rhGAA. Comparing the area under the curve, the anti-CD4x3 group and the MTX group showed a 94.3% and 84.5% reduction of antibody levels, respectively, as compared to the control group ([Fig. 1](#f0005){ref-type="fig"}A). Rechallenge with rhGAA at 40 weeks did not significantly change the antibody levels in any of the 3 groups ([Fig. 1](#f0005){ref-type="fig"}A). The serum anti-CD4 mAb levels in the anti-CD4x3 group continuously decreased after administration and remained undetectable after 23 weeks (data not shown).

The second experiment evaluated the minimum number of doses of anti-CD4 mAb needed for ITI. A 2-dose treatment (anti-CD4x2 group) was similarly effective in inhibiting anti-rhGAA antibody formation as the 3-dose regimen (anti-CD4x3 group), but a single-dose treatment (anti-CD4x1 group) failed to significantly (p \> 0.05) reduce the anti-rhGAA antibody levels, in comparison to the control group ([Fig. 1](#f0005){ref-type="fig"}B).

4. Discussion {#s0050}
=============

The formation of sustained high-titer anti-rhGAA antibody in some IPD patients has been correlated with poor clinical outcomes of ERT [@bb0140], [@bb0145], [@bb0190], [@bb0195]. Several ITI protocols have been attempted in these patients using immunosuppressive agents like rituximab to deplete B cells and/or MTX to target the antigen-activated T and B cells [@bb0150], [@bb0155], [@bb0200], [@bb0205]. These protocols have limitations including generalized immunosuppression, side effects, and in some cases, variable responses. Antigen specific approaches such as gene therapy are highly favored, but may take weeks to months to induce durable tolerance, a time frame that may not be appropriate for the rapid requirement for treatment of Pompe patients with cardiac and respiratory compromise. Thus, protocols and agents that favor the shortest duration of more antigen-specific immune suppression are needed.

The utility of a non-depleting anti-CD4 antibody in reduction of antigen-specific antibodies was first reported by Qin et al. [@bb0175] with many other subsequent examples e.g. with co-administration of factor VIII or IX in mice [@bb0075]. Since then, a humanized anti-CD4 monoclonal antibody (TRX1) has been constructed and was found to successfully induce long-term, antigen-specific tolerance in non-human primates without compromising normal immune function or depleting CD4 lymphocytes [@bb0115]. Data from a Phase 1 clinical trial showed that TRX1 was well tolerated and did not deplete T cells [@bb0120]. Proposed mechanisms of action of non-depleting anti-CD4 include down-modulation of the CD4 receptor on T cells, and induction of regulatory T-cells [@bb0125], [@bb0210], [@bb0215]. In this study we showed that a short-course treatment with an anti-CD4 mAb successfully induced long-term ERT-specific immune tolerance in Pompe disease mice, implying that this may prove a favorable prophylactic ITI protocol for infants.

IPD serves as a particularly good study model because of its rapid progression and well-defined clinical endpoints (e.g., survival, ventilator status, motor function). The anti-CD4 mAb treatment could be given prophylactically with induction of ERT treatment, thus allowing for a greater potential for successful tolerance induction in these cases. Our data suggest an effective adjuvant therapy to ERT.
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![ELISA for anti-hGAA IgG antibody in GAA-KO mice under weekly ERT with 20 mg/kg of rhGAA. The antibody levels were presented by the absorbance for 1:200 dilution of plasma from the indicated groups of mice. Mean plus standard deviation  is shown, n = 10 for each group. (A) Both the 3-dose anti-CD4 mAb (anti-CD4x3 group) and methotrexate treatments significantly (p \< 0.05) reduced rhGAA antibody levels in the GAA-KO mice after 4 weeks of rhGAA treatment in comparison with the control mice (ERT only). (B) A 2-dose treatment (anti-CD4x2 group) was similarly effective in inhibiting anti-rhGAA antibody formation as the 3-dose regimen (anti-CD4x3 group), but a single-dose treatment (anti-CD4x1 group) failed to significantly (p \> 0.05) reduce the anti-rhGAA antibody levels, in comparison to the control group.](gr1){#f0005}
